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INTRODUCTION 


For the past 2H years Case Western Reserve University has been engaged 
in a study on the possible applications of Strainrange Partitioning (SRP) 
to the treatment of high temperature creep-fatigue problems. One part of 
this program. has been supported by the Oak Ridge National Laboratory, and 
is directed at special applications involved in advanced nuclear reactors 
such as the liquid metal fast breeder reactor. The first phase was the 
preparation of an Interpretive Report describing various alternatives ^or 
treating creep-fatigue problems, emphasizing Strainrange Partitioning as e 
method which has merit for this application. While many features of the 
method vrere described in this report, and in fact much new progress was made 
during its preparation, a number of developments were left for future "^tudy. 

As a rcSJlt of the report a limited follow-on contract was initiated on 
May 1, 1976 and expired on Septen^er 30, 1976. It is the purpose of this 
report to describe in brief the progress made during the contract period. 

The focus of study during this oeriod was the treatment of low strains 
and long hold periods, s^nce these were major areas requiring further- 
investigation, as identified in the Interpretive Report. We shall, therefore, 
concentrate here on the progress that has been made on this subject. However, 
brief discussions will also be presented on other subjects which have only 
been cursorily studied. These are environmental effects, metallurgical 
e-^fects, and grain size considerations. 

One of the major conclusions reached in the Interpretive Report is 
that there is an urgent need for developing techniques for tr>>ating low 
strains, particularly when long hold-times are involved. i\one ot the 
candidate methods ^or handling creep-fatigue proolems can readily address 
this subject without additional progress beyond that available at the 
time of the Interpretive Report preparation. Strainrange Partltiming, 

♦Chapter 4, Ref. I . 
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in particular, concentrating as it does on the inelastic strains developed 
during the service cycle, must therefore be extended before it can be 
confidently applied to LMFBR components involving low strains. This is 
especially true when long hold-tiroes are involved because of the transfer 
of one type of strain to another during the hold pcfiod. Since envirorwient 
can affect both the ideological behavior, as well as the fatigue and 
fracture behavior, it is clear that the extension of Strainrange Partitioning 
into the Ion- strain (and) long cycle time regime will involve either; 

a) the establishmefit of accurate constitutive equations in the 
strain/time/envirorvBent regime of interest so that the cyclic strain can 
be appropriately partitioned into the components characteristically used 
in the Strainrange .'Partitioning life relations, or 

b) the semi -experimental approach wherein the hysteresis loop for 

the actual cycle of interest is experimentally determined. While precluding 
the need for accurate constitutive equations which determine the stresses 
and total strains involved in the cycle, there still remains the need for 
practical procedures ^or partitioning the measured total strains into strain- 
range coB^onents characteristically used in the SRP life relations, or 

c) the engineering estimation of sotne of tne required stress or strain 
quantities, and the confutation of the remainder of the quantities using 
siRflified constitutive equations, thereby determining an internally 
consistent set of stresses d strain components characteristically required 
in the SRP life relations. 

Whichever of the above methods is used, some account must be provided 
for the environmental effect. This subject can be given only cursory treatment 
here, but is obviously ot great importance in components expected to operate 
in oxidizing environments at high tenferatures for periods up to 30 years or 
more. 


Method (a) above will become viable when the extensive program on 
development of constitutive equations is completed. If, through these 
equations, each increment of plasticity, transient creep and steady state 
creep is determined at each increnent of load or time, it then becomes a 



simple matter to formulate the pp, cp, pc, and cc strain components that 
develop for the cycle. Hence there is no problem in applying the SRP life 
relations, even tvhen the inelastic components are small. Under these 
conditions the whole problem degenerates to a simple approach directly 
analogous to the treatment of large strains already developed. For this 
reason, this approach will not be further discussed here, except to 
express the hope that the final development will soon be realized so that 
it can be of direct use in SRP application. 

The other two approaches have therefore oeen followed in this limited 
program. Examples of results to date will be described in the remainder 
of this report. 

treatment of lOW STRAINS AND LONG HOLD TIMES 
Basis of Analysis 

The development cf the procedure will be i"" lustrated here by first 
treating large strain problems for which experimental data are available 
to check results. We shall illustrate both the seirii-experiiTiental procedure, 
and the approach involving an engineering estimation of Liie oicntial features 
of the hysteresis loop required in the analysis. Then we shall extend 
the concepts to the treatment of low strains by the same principles. The 
procedures will be applied to problems involving hold times in tension or 
in compression, combined tension and compression hold, and continuous 
cycling at various frequencies. In the initial analysis we shall neglect 
possible changes in ductility due to exposure. Later in tne report such 
ductility effects will be briefly considered. 

Basic Dat a Re quired In order to treat creep-fatigue problems by Strain- 
range Partitioning it is desirable to know a number of properties associated 
with the material and some informantion associated with the parti cula*' problem 
oeing treated. Usually the inforrriation will be readily available through 
basic material characterization, but even if net known accurately it may 
be possible to estimate the required quantitites with reasonable accuracy. 

In the discussion to follow we shall assume that the required information is 
available for large as well as small strains; if small strain information 
is difficult to obtain directly, it will be assumed that the determination 
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is Hade by sinple linear extrapolation from high strain data. We shall 
illustrate the procedure in connection with problems of moderately high 
strainrange because these are the only ones for which good experimental 
data are available whereby the adequacy of the general procedure may be 
checked, but there is no problem in extending the procedure for problems 
of small strain. Thus, we shall show results of calculations involving 
small strains although there are, of course, ho extensive data available 
to check the validity of these calculations. 

Figure 1 shows the ideal type of data base desired for life analysis 
by this method. In Figure 1(a) are shown the basic life relations for 
ACpp, ^^cp’ ^^c stra inranges. They are shown as 

mi Idly- temperature dependent functions, although for at least two materials 
(316 SS and 2^ Cr - 1 Mo steels) studied (Ref. 2) they were found to 
be essentially independent of temperature. Also included in this figure 
is a family of elastic (el) lines, obtained fromrapid cycling in association 
with ACpp tests. These lines are t«nperature-dependent, reflecting the 
flow strength dependency of the material with tenperature. 

Figure 1(b) shows the cyclic stress-strain curve, OA, for rapid cycling 
of the material. There is, of course, an interdependence between OA and 
the pp and el life lines of Fig. 1(a). For any selected life value, the el 
line can be used to determine the stress range, and the el and pp lines to- 
gether can be used to determine the total strain range. Thus the curve OA 
can be constructed from a knowledge of the life relations. In this approach 
the ioplication is that plastic strain is always present, even at very low 
stresses which appear to lie on the linear (elastic) portion of the curve, 
but the deviation from linearity is very small. It is advantageous to re- 
gard a pp strain to be present at all stress ranges because it enables the 
determinations of plasticity strains, even though they are small, wl«en treat- 
ing low total strains. Also shown in Fig. 1(b) is the rapid-cycling hyster- 
esis Icop ABCDA for one strain range. This loop can be constructed from the 
shape of the cyclic stress-strain curve through application of the well known 
d<Hible-aHplitude construction principle. That is, CDA can be constructed 



from a knowledge of OA by choosing C as the origin and doubling all 
stress and strain values along OA. Similarly, ABC is syriimetrical to CDA. 
Althougn only one cyclic stress-strain curve and hysteresis loop is shown 
in Fig. 1(b), numerous curves could be drawn, one at each strain range. 

These curves are all quite sensitive to temperature, being a 
reflection of the rheological dependence on temperature, but once the pp 
and el lines in Fig. 1(a) are known for a selected temperature any required 
hysteresis loop in Fig. 1(b) can be constructed. 

The third desirable ingredient is shown in Fig. 1(c). It is the rela- 
tion between stress and secondary (steady state) creep rate in a cyclic creep 
test (or in any cyclic test involving stopping at specific stress levels and 
observiro the creep late once it has stabilized), in Ref. 3 it was shown 
that the relationship between secondary creep rate and stress can be 
represented by a power law. Thus Fig. 1(c) shows linear olots of creep 
rates and stress on log-log coordinates. These curves can be expected to 
be strongly dependent on temperature. For illustrative purposes the lines 
for different temperatures are snown parallel, but other geometric relations 
are possible. 

The final ingredient of the life analysis is shown in Fig. 1(d). It 
is a stabilized hysteresis loop for the duty cycle under analysis. The 
tick marks represent the time sequence at which various points are 
encountered during the cycle. Although an experimentally determined 
hysteresis loop is highly aesirable, it is not absolutely necessary. In 
its absence it can be approximated from other specified variables (for 
example, linear stress ramping as later discussed or other pattern of stress 
or strain variation) . However, it should be emphasized that hysteresis 
loops stabilize rapidly, and it is necessary to traverse only a small 
fraction of life expectancy in order to obtain this valuable adjunct 
to the analysis, or to provide valuable information useful in cross- 
checking some facets of the analysis. 
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Outline of Procedure To illustrate the procedure we shall analyze a 
test reported by Conway et a1 (Ref. 4) involving strain-hold to long- 
tiioes (!.0 hrs per cycle). The strainrange for these tests was high 
(2%), but it will be seen that exactly the same procedure as discussed 
for this high strain problem c?.n be used to analyze low strain problems. 

In fact, we shall show results for such calculations after we have described 
the net.hod. 


The ingredients analogous to Fig. 1 applicable to this problem are 
shown ill Fig. 2. Since the test was conducted at a constant temperature of 
1200F, only this temperature is reflected in figs. 2(p,c, andd). Fig. 2(a) 
shows the strain pattern imposed as the test condition, and Fig. 2(e) is 
the stress-strain response, showing the relaxation that was measured during 
the strain-hold period. The time markings on Fig. 2(e) correspond to points 
selected in Fig, 2(f) . 

The analysis is shown in Fig. 3. First the seonda’-y creep is 
calculated in each half of the cycle. Since the conpressive half of 
the cycle involves only rapid loading the creep is vegligible; only the 
tens’le half involves creep. Fig. 3(i) shows the c^eef, rates and the 
integrated area (representing the total creep stran) as .000975. 

In Fig. 3, item (b), it is also shown that the plastic strainrange is 
.0160 as deduced from the stress range (elastic str?inrange) and the life 
relationships of Fig. 2(a). The total inelastic scr :-i^. ange is .0167, 
as deduced from the width of the hysteresis loop, fi Js which the transient 
creep strainrange is determined by substracting the plastic strainrange. 

It then becomes possible to calculate the strainrange components. As 
Qiscussed in Ref. % the "creep" in each half cycle consists of the secondary 
creep plus 10% of the transient creep, if identified. Since in tnis case 
the transient creep is known, the total tensile creep, item (e), is .001045. 
Now, since the "creep" in the compressive half of the cycle is zero, there 
can be no reversed creep; thus =0. All ths tensile "creep” is 

reversed by plasticity; thus =.001045. The remainder of the inelastic 
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strainrange is v.onverccd to reversed plasticity Ae , and is .015655, 

according to item (c) of Fig. 3, Thus, this problem involves Aej,p and 
ACpp, and as shown in item (j) and (k) results in a computed li^e of 
155 cycles. This compares to a measured life of 103 cycles, wh»ch is a 
reasonably close correlation. Similar calculations were made for the 
other two 2% strainrange hold-time tests reported by Conway in Ref. 4 
In one the hold-time was 60 min. and the other 30 min. Life predictions 
were successively 156 and 149 cycles, compared to the experimental values 
of 117 end "^6 respectively. 

Alternate Procedure Before presenting the calculations for small strains 
it Is appropriate to describe an alternate procedure for ha.rdling the 
stress relaxation problem just discussed. In t.he previous discussion it 
was assun-ed that the stress pattern during the relaxation is known from 
experimental observation. Suppose, however, experimental determination 
is inconvenient, can we still handle the problem? Initially, let us 
assume that the maximum stress is known from the strainrange and cyclic 
stress-strain curve. That is, in Fig. 4 we assume that RP follows the 
cyclic st»*ess-strain curve (by the double-amplitude rule of stress and 
strain. Fig. 1(b).) Recognizing the large strain amplitude of 2% 
iiivolved in this problem, we reasonably assume tha. the stresses at R and 
P will be approximately equal in magnitude; thus there is no ambiguity as 
to ihe coordinates of point R in the initial construction of the hysteresis 
loop. The stress Op at point P will be known in magnitude. The stress 
pattern PQ'Q car then be determined from a single creep relaxation a , -lysis 
as follows: 

Letting be the creep strain at any time t after the initiation of 
hold, and also lett'cg; 

E be the relaxed elastic strain at this time and c be the 
e 

relaxed value of stress at this time, then, neglecting primary 
(transient) creep, and considering only the secondary creep rate 

£ = or *^^c = Aa*^ 

dt 


0 ) 
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from the power-law relation shown i'' Ref. 3 where A and n are material 
constants dependent on the temperature. 


By Hooke's Law de^ 


da 

E 



1 . ^ 
E dt 


( 2 ) 


But since strain is held constant 





Combining (1), (2) and (3) results in ^ = -AEdt 
Integrating eg (4), ° 

-n-^^ -n+1 




[t-C] = -AEt, 


or. 




-,-n+l 
AEt! 


After the entire hold-period t^^, the relaxed stress becomes 


Oq = + (n-l)AEt 


-n+1 


H 


(3) 

( 4 ) 


( 5 ) 


(6) 


( 7 ) 


For the problem illustrated in Fig. 2, the application of the double- 
amplitude cyclic stress-strain relation results in a stress Cp o"P 41.87 
ksi, and since the constants in the creep equation (1) are known from NASA 
data (Ref. 5) or unpublished data obtained during preparation of Ref. 5 

(a in ksi, t in seconds) 


n = 7.14 


A = 2.55 X 10 


E = 22 X 10'" ksi 
r -6.14 


1 


-6.14 


Thus an = a 
Q l^P 


+ 3.44 X lO’^^t : 


( 8 ) 


^ plot of stress relaxation according to Eq. (8) is shown 'n Fig. 5 (a); 
the agreement is remarkably good considering the basic approximations 
involved and the fact that the creep rate determinations were made by dif- 


ferent investigators and on different lots of material from those involved 
in the relaxation tests, and that transient creep was omitted. To check 
the validity of this approacli to other tests, additional calculations were 
made for the two other relaxation tests reported in lef. 4. The temperature 
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and strainrange were the same as above, but in one case the hold time was 
30 min.; in the other 1 min. The results are shown in Fig. 5(b) and (c) . 

For the 30 min, hold test, the agreement is still very good; for the 1 min. 
hold the effect of the transient creep is apparent in the early seconds, 
but after about 30 sec the agreement again becomes excellent. 

The next step is to determine hew much of each stt^ainrange component 
type develops during the cycle: 

a) The total anxjunt of plastic flow du»-ing the tensile half is known 
from the cyclic stress-strain curve, or expressed by the linear life 
relations, shown in Fig. 4(c). Knowing the stress range RP, the elastic 
strainrange establishes the point M on the elastic life lire, from which the 
point N or. the plastic life line vertically above M establishes a plastic 
strainrange of .0160. 

b) The tensile creep is equal to the elastic strain from P to Q 
(or alternatively, the integrated creep during PQ according to Eq (1) 
above, which yields e.xactly the same result.) Thus, in this case the tensile 
creep strain is .000975. 

c) A small amount of ambiguity develops in the determination of the 
compressive plasticity if determined from consideration cf the shape of 
the curve QR. We cannot construct this reverse piece of the hysteresis 
loop from the double-amplitude cyclic stress-strain curve alone, starting 
with Q as an origin. The plastic flow from Q to R based only on the stress 
range involved would be expected to be too low to balance both the tensile 
plastic and creep flow. Actually, a more appropriate way to construct 
the compressive half of the loop is to add the Imaginary segment PTQ in 
Fig. 4(a) so that TQR,, in conjunction with the cyclic stress-strain curve 
yields a compressive plastic flow which is equal to the tensile plastic flow 
plus the relaxation creep flow. This adds the complication tnat if o-,- = 
then a is no longer equal to g^, which was our original premise. There- 
fore the problem becomes one of trial and error to determine the appropri- 
ate location of the hysteresis loop to estai lish consistency with the rheo- 
logical behavior. In general, the rneologicai beliavior, as affected by the 
cycle itself, influences the individual creep and elasticity com.ponents. 

This is evident in Fip. 5 wherein it is noted that the maximum tensile stress 
reached depends on the hold-time. The longer the hold time, the lower 
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the stress. To get exact behavior, the constitutive equations mist be bet- 
ter established than they are now. Bat the approxiaate aiiiwer caxi readily 
be deterKined in tiiis case by stating that the behavior of HR in the vicinity 
of R is such that the plastic flow developed on cospression is eqiu»: to the 
tensile plastic flow plus tensile creep flow during PQ. 


d) Thus, froB the above considerations, the deformation is equal 
to the tensile creep deformation .000975, and the remainder of the inelastic 


strain in At 


so that 


E = .0160. 

PP PP 

e) The life is then calculated by the Interaction Dazage Rule as 


PP 


7151670 


= 233 
PP 


- . .000975 

cp ~ .01670 


.0581 


from Fig. 1 (a) 


233 


.0581 

26 


= 159 


TTiis life co«wpares with the measured value of 103 cycles, which is well 
within the commonly acceptable factor of 2. fiote that this ca'icuation made 
no use of experimentally determined hysteresis loops or stress relaxation 
patterns. The calculations are still quite satisfactory, despite the neglect 
of transient creep, although t.he inclusion of transient creep did ip^rove 
the predictions somewhat. 


Fig. C shows a sunmary of calculations made by the above procedure 
for additional hold time tests tcken from «<ef. 4. The predict'ons agree 
well with the experimenvs. We also note that the degree of agreenent 
be^^#een prediction and experiment does not decrease as the total *esttime 
increases . 

Extension to Treatment of Low Strains and/or Long Hold Times 

We shall now extend the <same concepts already described in connection 
with the treatment of large strains to the study cf low strains and long 
teld times. The elements of the procedure are: 

a) The determination of the plastic strainrange from knowledge 

of the stress range and the log-linear li'e relations of elastic and plastic 
stralnranges. 

b) The determination of secondary creep strain? by integrating the 
equations relating creep rate to a oower-law o^ stress. 
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c) Detemiining transient (or primary) creep strains f!*om actual 
observations of total creep curing any interval and substracting the 
secondary c'^ep strains. This step is optional, and is omitted if 
experimental facil ities are unavailabl-.- or if a semi -experimental 
phase is inconvenient. 

d) Constructing Vse strainrange coiDonents 

PP pc cp 

and Ac^^fron the determined creep and plasticity components in the 
tensile and congress ive halves of the cycle. 

e) Applying the Interaction Damage Rule to determine life. 

Of special importance is the determination cf the stress values 
that develop, "^o this extent the stresses will be known accurately 
either if directly measured by experimental observation of the hysteresis 
loop, or if accurate constitutive equations are available to track stress 
and strains during tbe cycle. However, in some cases neither approach 
will be practical; then the calculations will involve engineering approxi- 
mations. We shall illustrate a case in which such approximatiens are 
required, their choice being made to introduce some conservatism in the 
resulting life estimates. 

Confined T&r.sile anc Compressive Hold Periods We first treat the case 
in which both ter 5 '>n and compression hold periods are introduced in 
problems involving low strainrange. It will be seen that this case lends 
itself more readily to the estimation of the hysteresis loco developed 
because of the synmetry of t^e eye’e. Fig. 7 illustrates che [*ocedure. 

We stars wit"' the recognition that because of the symmet-y of the loacing 
cycle, the hysteres'^s loop will be synmetrical in the tensile and compressive 
halves. Then the hysteresis 'oep will be ABCD for the 5train>^ange :t. 

There, is, thus . only one unkrsow^ quantity in this analysis, fo’' example ;-g. 

Once we know c- and the hold time, we can determine - from tiie ''.laxation 

C 

equation f“), and of course end Zj^ follow froir, considerations of syncietry. 
Because of the non- ! inea-"ity of the pnobler^ however, it is convenient to 
start th the assumpt'-cn of known stre'^ses and to determine the combinations 
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of strainranges and hold times that win generate these stresses, ^or 
exa^ile, in Fig. 7, suoposa we were concerned with the solution for a 
strainrange Ae = 0^1 and various hold times. A convenient approach is 
first to construct a complete hysteresis loop MABNCDM for an arbitrarily 
selerctod strainrange, say 1% under rapid cycling. This can readily be 
done from the cyclic stress-strain curve, (or the linear life relations 
for elastic and plastic strainrange under rapid cycling at the ten^erature 
of interest, e.g. the pp and el lines in Fig. 1(a). 

Vertical lines AD and BC can then be constructed at equal distances from 
the vertical axis and at a strainrange of 0.5;, to determine t e soecific 
stress values 0^, Og, c^., and Ojj. It can then be inroediately determined 
what hold time t,. is required to relax 3^ to or (or on to j,). Since the 

n ' D M 

partitioning of the hysteresis loop A8CD into creep and plasticity components 

can readily be accomplished (even when curvature is present alone AB and 

CO), the strainrange ctxEponents are easily established. Of course, because 

of sj«m»atry, only and develop, and in fact for small ie the 

PP cc 

inelastic strainrange developed is almost entirely In either case 

the life can readily be calculated from the Interaction Damage Rule. 

Thus the calculation provides one point relating the life to i£ and t^. 
^iditional points can oe obtained from the same loop MN by selecting a 
new value of Ae and repeating the p.'&cecure to determine a new hold time 
and life, in a similar manner, by choosing a new value of Ac' (say 4?), 
and proceeding with a spectrum of choices of Ae, a new series of corre- 
spoaiding values of hold-tiae and life values can be computed. 

The calculatirns can then be depicted in their entirety as shown in 
Figs. 8 and 9. We shall discuss these figures later, after presenting 
results for calculations involving hold times only in tension or only in 
compression. 

Tensile Hold Periods Treatment of only tensile hold problems is not as 
straightforward as symmetrical tensile and caapressive holds because of 
ambiguities that develop in the rheological behavior at low stress ranges. 
Consider, for ex^le, the two extrenes of behavior possible when a 
specimen is cycled at low strainrange and tensile hold periods are intro- 
duced. In Fig. 10(a) the behavior is depicted as involving little or no 



plasticity during the reversal because of the small struir-ange involved. 

Ir. the -^irst loao’ng the stress-strain path is along OA. Although, 
according tO the procedure adopted herein, all stress applications imply 
plastic strain (e.g. see Fig. 4(c)), the actual amount of plasticity is 
negligibly small if the total strainrange is all enough; tnerefore we 
show line OA as a straight line. A hold period at the maximum strain can, 
however, result in stress relaxation to point B, .f the hold period is 
long enough. Thus, upon reverse loading the path is BC, which we again 
assimie to be at strainrange low enough to preclude significant plastic 
deformation, causing BC to be a straight line. Since there is no hold 

period at C, and reloading is assumed to occur as rapid as possible, the 

subsequent leading is along the identical line CB. During the hold period 
relaxation again occurs along BD, an amount smaller than AB because the 
stresses involved are Ic^r and times are assumed to be the same. The 
process is then repeated in subsequent cycles, each time the maximum 
tensile stress becoming lower and the maximum compressive stress becoming 
higher. Eventually a quasi-stabilized condition may be achieved along FG, 
wherein the stress at F is low enough to preclude appreciable futther stress 
relaxation. But in principle, at least, the maximum stress can continue to 

relax during the hold period, eventually approaching zero. Thus the final 

stabilized condition involves no cyclic inel6St'’city involving creep, and 
extremely owll plasticity dependent only upon the strainrange. Witn the 
small plasticity developed, and tne negative mean stress along f G’ the 
fatigue life can become very long. In fact, the longer the hold time tne 
lower will be the number of cycles required to stabilize to the low peaic 
tensile stress, assuming this type of rheological behavior. Thus, assuming 
this t>'pe of behavior, the longer the hold tiae the higher the possible 
c>'clic life. 

The other extrero of behavior is shown in Fig. 10(b). Here it is 
assumed that the stabilized loop becomes PQR and that the creep relaxation 
during PQ somehow, either because of the deformation or the high temperature 
exposure, softens the material in reversed loading, so that QR develops the 
plasticity required to balance the creep occurring during PQ. The specimen 
thus develops a strainrange. Obviously the higher the stress at P, the 
higher will be the strainrange, and the lower the cyclic life, for a 
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given hold t'tae. In general, it can be expected that the peak cocipressive 
st»^ss at R will be higher in aagnitude than the peak tensile stress at P. 
Thus the lowest cyclic life will result when is as close as possible to 
Ojj, say equal. The life in this case can becowe substantially lower than 
that for the cycling of Fig, 10(a) and along F* G*. 

FroK the above discussion it is apparent that the factor that most 

significantly governs fatigue l.ife is the rheological response of the aate- 

rial to the i^osed loading, not so auch the aethod of calailatine the iife 

once the rheological response is known. This area of establishing accurate 

constitutive response to know imposed loading is a very important subject, 

and requires nuch further study. Hon^ver, in order to treat Lne problem in 

a cwjservative manner it will be assianed that case lOvb) actually develops, 

and t»»at c is half the stress range that is calculated for the strainrange 
P 

Ae, as detennined from the double-amplitude concept of constructing hyster- 
esis loc^s from the basic life relaticr lines. For small strainranges the 
■aximia stress will be approxinacely the product of elastic aodulus and 
half of the strainrange; but the approach using the double-aj^litude con- 
cept will be valid even for larger strainranges wherein curvature develops 
along the loading path. 

Figures 11 and 12 show the results of conservative life calculations 
made for a spectrum of strainranges and hold times assuming the rheological 
behavior to be that of Fig. 10(b). For each selected strainrange the line 
"P was first constructed according to the double-amplitude loading path 
concept, end the stress range detennined. The stress at P was assumed to 
be half the strsss range involved, and starting with this time the relax- 
ation PQ was determined using Eq, (6) for the kr.own hold time. The exact 
sh^ mloading path QR did net enter into the calculations except that 
the initial portion of the unloading QS is parallel to an elastic line, 

TT.us the strain developed is a ^^cp relaxed strain during 

the PQ. and a Ae strain associated with any curvature developed along 

pp 

RP (negligible for low strains, but included in thi calculations shown 
for the largs strainranges) . 
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Compressive Hold Periods Treatment of hold periods imposed only during 
the con^ressive peak strain is identical to that for tensile hold periods. 

The rheological calculations are the seme, and the dileima regarding actual 
response to imposed loading is ^Iso the same; the only difference is that 

develops for compressive hold, whereas develops for tensile hold. 
The life relationships are, therefore, different. Results of the calcu- 
lations are shown in Figs. 13 and 14. 

Continuous Cycling As a f’nal example of extension of SRP analysis to 
low strainranges we consider continuous cycling over a range jf frequencies. 
If the cycling is carried out fy controlling the strain rate, for example, 
at a uniform rate of either total strain or inelastic strain, as has been 
common in many recent experimental programs, a means is required to establish 
the stresses that develop. E’ther accurate cons^’itutive equations or the 
quasi-experimental approach of determining the stabilized hysteresis loop 
provides the necessary stress information to proceed by the principles 
already described. If the problem is one in which the stress pattern is 
specified, then no further rheological information is needed to perform 
the analysis. In the following illustration we shall assume the stress is 
symmetrically ramped linearly to selected tension and compressive peak 
values. Tii-? strain levels are not specified; rather they are derived from 
the stresses and ramping rates the consequential combined creep and 
plasticity values. To analyze the data, and to cast them in a form comnwnly 
used in creep-fatigue analysis, however, they are cross-plotted to obtain 
life along lines of constant strainrange. 

A sample computation is detailed in Fig. 15. The frequency is lO'^Hz, 
and a st*ess amplitude of 1/ksi at a temperature of 13C0F is assumed. Since 
the stress is ramped linearly its value is known at each instant, and the 
creep is calculated in step 1 from the known creep rate relation in terms 
of the power-law of stress. Steps 2 and 3 utilize the known stress range 
to determine plastic strain range, using the life relations. From symmetry 
At and Ar. are determined in Step 4, and f^, and f ^ in steps 5 and 6. 

The Interaction damage Rule is then applied in step 7 to obtain life. Thus, 
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» . _c 

as ihown in Fig. 15(b) the point P or the line of 10 ''Hz can be plotted 
with Ae* = .00398 and a cyclic life of 4,398 cycles. Other points 
along the 10 Hz curve can be obta'ned by se’ec'ing ?<<iitional values 
of peak stress and repeating the calculations. this manner the 

_5 

co^lete curve for 10 Hz as w?ll as other frequencies were established. 

The results are shown in Fig. 16. Cross-plots of the information in 
Fig. 16 are shown in Fig. 17 with strainrange as a parameter are shown in 
Fig. 17. In Figure 17 the numbers next to the tick marks represent the 
selected stress ampi itude that generated that point. 

Results of calculations for 1200F are shown in Figs, ie and 19, whichare 
ar>alogous to Figs. 16 and 17. These calculations provided a means to make a 
comparison between calculations made in this manner with experiments 
available from the literature. Although the literature results (Ref. 4, 
p 38) were obtained by ramping total strain at a rr-nstant rate, while the 
calculations were made for constant stress rate ranging, the agreement is 
very good when the comparison is shown in Fig. 20. It is seen uhat the 
degree of agreement is about as good at the low value<^ of strainrange as at 
the high values, and at the high values of tc.al test in^e as at ‘he low 
v;ilaes. 

Discussion The foregoing calculations show that Strainrange Partitioning 
readily lends itself to the treatment of low stra inranges af>d long hold 
times. The principles involved in such calculations are similar to those 
used in the treatment of large strains. Where direct comparison between 
calculations and experiment has been possible, the agreement has been 
very good. An important point in this connection is that the data entering 
into theic calculations are totally independent of the experiments predicted. 
Thus, for example, the tests conducted to determine creep strain rate as 
a function of stress, and the generic SRP life relations, are totally 
independent of the hold time and continuous cycling tests predicted. In 
fact the tests were conducted by different investigators in different 
laboratories on separate lots of material. The fact that agreement is 
obtained at the strainranges where data are available, despite the diversity 
of testing conditions involved in basic data generation and experiments 
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conducted in comparison to predictions lends some credence to the concepts 
of Strainrange Partitioning. However there has been no opportunity to 
check predictions against test results involving verj' low strainranges or 
very long hold times. Since these calculations involve the extrapolation 
of the SRP life relations to low strain values as well, it is apparent that 
experimental verification is required for the approach discussed. Not 
only the basic life relations and the procedure, but the rheological behav- 
ior so important in governing the parameters that enter into the calcula- 
tions, require future study. 

Sotne interesting results and problems raised by the calculations will 
now be discussed. Figures 8- 11, 13, 17 and 19 show the effects on cyclic 
life of varying hold times for selected values of total strainrange. For 
the high strainranges the effect of long hold is relatively small because 
longer hold only causes conversion of a sirall percentage of the total imposed 
strainrange into the more detri^i^'ita' cf. pc- or : stJ^ir- erge 
But at the low strainranges the c?*" bef.o^r; le. ’ '»r e.'ample, 

for 316 SS steel at 1300F s-jr ecc.c *o syninel' ivr'l -'C-ld 1" I'th ti-nsic:-. snd 
compression. Fig. S shows '.lat _t a .Ob/- scrc^n'-ajina ife car ot: ^'educed b. 
more than a hundred-fold =■ hundred-fu;d incfc.^, f in .hsH ti.ir? 
from 10 hrs to 1000 hrs whereas at 0.1% str?' irange ‘hie -/ange xu ix..i tine 
only reduces life by less chan a factor of 10 Bu^ note, a so, • ;gh 
life values involved. Even with hold tines o*' ' hrs, IO.jOO cycles can be 
sustained at a strainrange of 0.1%. f.ie tote] time is enormous. Pl-tted in 
Figs. 8 to 19 is a dotted curva representin'. 3( years of life. Note that the 
la»*ge effects involved time ranges wherein the method cannot be e.*;f'ected to 
be accurate because of the simplified assumptions involved and because of 
inevitable metallurgical changes. 

In general, all life values tend to saturate at higher hold times as 
the total imposed strainrange tends to be converted to the most detrimental 
type involved in the application (i.e. cc in symmetrical hold. Fig. 8; cp 
in tensile hold. Fig. 11; pc in compressive hold. Fig. 17; and cc in stress 
ramping. Fig. 19). 
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Of special interest, too, is the relative dasage of the various types 
of hold period patterns possible. Note, for exaaqple, by coaparing Figs. 

11 and 13, that while tensile hold is aore daaaging than coapression hold 
in the high strainranges, the coapressive hold is aore daaaging in the. low 
strain-ranges. Trie reas<m for this lies in the slopes of the life relation 
ships for this saterial. Since the slope for the pc life is steeper than 
that for the cp life, extension to low strains causes the two tc intersect 
and to diverge in opposite directions at low strains conpared to the high 
strains. The transition occ’jsrs at a strain range of about .035%. This 
type of behavior has already been noted in the past for 2% Cr - i Mo steel 
for which pc was noted to be sore daaaging to cp behavior at even higher 
strain-ranges in the order of 1%. However, the slopes of the two l:fe 
relations were also unequal, and at considerably higher strainranges it 
appeared that cp daaage could also exceed the pc value. Thus it may well 
be that each material has its own cross-over value, and it is important to 
study low strains in order to obtain further insight. However, it should 
be noted that fro* a practical viewpoint the crossovei for 316 stainless 
steel occurs at times which are outside the usual range of practical inter- 
est. The matter has only academic value. 

A comparison of Figs. 6 arid 11 is also interesting in this respect. 

At the hi^ strain ranges of the order of and higher, the tensile hold 
appears to be more damaging than the combined tensile and compressive hold. 
At a strainrange of 0.1%, tensile holds also see-m more damaging than sym- 
metrical holds at hold periods of 3 hrs or less, tut less damaging for hold 
periods above 3 hrs. At a strain range of 0.05% symmetrical holds appear 
to be more daaaging than tensile holds over the entire range depicted. 

Again this is a reflection of the 1 near extrapolation or th ^ life relation 
ships into the low strainranges, ana ■'uires checking. In addition, it 
should be recalled that as discussed in connection with Fig. 10, tensile 
hold alone car. result in favorable stress relaxation which reduces undesir- 
able tensile stress. The calculations shown in Fig. 11 were made for che 
conservative assuoption indicated in Fig. 10(b) that the maximum tensile 
stress equals the compressive stress. Thus it can be seen that even with 
cemservatism the effect of tensile hold is not as detrimental at the low 
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strains and long hold times relative tc symmetrical holds in tension and 
compression as would be expected frcan test results at high strainranges. 

Note aljo that as strain >s decreased lives increase substantially, but 
that most of the plot relates to times above the 30 year range of interest. 

Figures 9, 12, 14, 16, and 18 show the same calculations with hold- 
time as the parameter. These plots are analogous to conventional plots of 
total strainrange vs cyclic life >diich reflect two regions -- one in which 
the inelastic strainrange predominates, the other in which the elastic 
strainrange preucmiinates , At the high strain ranges, where the inelastic 
strainrange predcaainates , ail the curv'es are steep, and relatively insen- 
sitive to hold time. Most of the strain is induced as the pp type, and 
hold time introduces only moderate amounts of cp, pc, or cc strain (depend- 
ing on the t>'pe of held pattern). Thus the life is little affected. Tne 
inelastic lines do increase somewhat in slope as hold time is increased in 
contrast, for example, to remaining parallel (as required by the Frequency- 
Modified Life Equation) , I.o the low strainrange level we again see near- 
linearity, but the lines fan out with considerable increase in slops as hold 
time is increased. Thus the "elastic-line" analogue, by Strainrange Parti- 
tioning, is one of considerabie varying slope and depends strongly on the 
nature of tne hold period. But the ver>' large differences in hold-time 
effect ccur at nominal times beyond 50 years. 

TiTe above behavior cai’not, of course, presently be checked by experi- 
ment. However, we can conpare the predictability in the rime and strain- 
ranges that have been studied as an indication of what to expect as strain- 
range is decreased or total test time increased. Some results are shown in 
Figs. 5, 6, and 20. Each figure shows that a reasonable agreement occurs 
between the predictions and experiments for the time a.nd strainranges that 
have been studied herein. If the ratio of experimental life to predicted 
life is plotted against either strainrange or hold time, these limited data 
do not indicate ariy reduction in corserv^atisin either as strainrange is de- 
creased Or total test time increased. Further experiments tc extend the 
ranges of strain and hold time are, of course, needed for conclusive re- 
sults. Figures 11 to 19 should not be interpreted as final predictions by 
SRP, since there are many variables that have not yet been incorporated 
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into the calculations, such as ductility variations later to be discussed. 
The nain point of the figures is to indicate that a simple procedure is 
available to calcxilate idealized lives according to the method, biit that 
further research is needed to incorporate additional realistic features. 

ADDITIONAL CONSIDERATIONS 

The foregoing discussion was intended to indicate procedure for 
calculations, rather tha” to provide accurate final design info.Tnation. 
Figures 8, 9, and theii subsequent counterparts are, for example, very 
sensitive tn extrapolation of life relations which are presently based 
on relatively little information in the high strain and short life range. 

If similar figures were to be constructed for design use it would, of 
cotjrsp, oe necessary to extend the data base upon which the calculations 
are made. We consider in the following brief discussion several other 
factors in addition to the more accurate determination of the life rela- 
ticffis and constitutive equations already emphasized. 

Environmental Effects 

Environinent is, of course, a major factor in governing fatigue life, 
especially when dealing with long-ti:ne applications. It is well known 
that the presence of oxygen can substantially reduce fatigue life, and that 
fatigue in vacuum or inert environment is usually considerably batter than 
in air. In fact, it has been suggested by some investigators that high 
temijeratijre fatigue degradation is entirely an oxidation effect. This 
proiX)sal was based on the fact that the high temperature fatigue properties 
of numerous materials in vacuum were about the same as their room tempera- 
tun; fatigue properties in air, thereby pointing to oxidation as the 
degrading influence. However, all the fatigue tests on which this con- 
clusion was based were of the continuous cycling type, inducing only pp 
and cc strains. One of the major contributions of Strainrange Partitioning 
was to point to the need for loading cycles producing pc or cp strains in 
order to bring out the fact that even in vacuum large degrading influences 
of the creep fatigue interaction could result. A number of alloys have 
been studied in high vacuum, among them the refractory alloys T-111 and 
Astar 8I1C (Ref. 6), A286 and 304 stainless steel (Ref. 7 ), and Rene' 80 
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(Ref. 8). All have shovm that a creep fatigue interactioi. occurs even ;.n 
vacuum. In general, an air environment reduces the fatigue properties be- 
low the Corresponding properties in vacuum for the same t y pe of ^trainrange . 

The refractory alloys cannot, of course, operate in air at high temperature 
because of their severe oxidizing tendencies; there is no point, thus, in 
comparing the fatigue properties under the two envirenrents. The iron base 
alloys A286 and 304 stainless steel improved in vacuum relative to air. 

The nickel base alloy Rene' 80 showed only minor degradation in air, however, 
because of its general oxidation resistance, large grain size, and low 
ductility in both environments. Only the pp life relations fall appreciably 
in the air environment, and even a coating to protect from oxidation did 
not prevent this degradation. The results require further analysis before 
they can be completely explained. Fiom all the tests referred to above, 
the major conclusion emerged that while the properties are different in 
the air and vacuum environments, each material yielded to the cetermi nation 
of pp, cp, pc. Slid cc life relationships in eoch environment. Analysis 
using these life relations permitted the correlation of all the data 
obtained within that environment. Thus SRP was useful in analyzing data 
in a vacuum envi-onment as well as air. 

Another point of significance in this respect was discussed 
in Chapter 4 of Reference 1. There it was pointed 

out that such fatigue degradation as occurs from oxidation develops in 
relatively hort time and requires relatively little oxygen. Corroboration 
was drawn from published research on aluminum shewing that a sharp dis- 
continuity in the fatigue response occurred within a narrow range of pressure 
(about 10 to 10 Torr). Aoove this pressure the fatigue response was 
very little different from that in atmospheric air (760 Tor»“), and below 

this pressure it was very little different from that in the high vacuum 

-8 

of 10 Torr. Thus it appec"ed that if enough oxygen atoms were available 
to oxidize the freshly exposed surface caused by the plastic deformation 
leading to fatigue, increasing the amount uy a thousand-fold did not 
accelerate the process appre, iably. From this it might be possible to 
deduce that extended periods in air do not necessarily degrade fatigue 
much more than modest exposures, as long as these exposures provide the 
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critical amount of oxygen required for the basically rapid oxidation. If 
it is assumed that the normal determination in air of the basic SRP life 
relationships involves conditions adequate to provide the minimum oxygen 
requirements, then it can be concluded that little correction will be 
required to apply these relationships in analyzing long time tests. 

Evidence that the above reasoning may be valid is shown ’n Fig. 21. 

These were data interpreted by Halford (Ref. 9} in analyzing the Interspersion 
tests of Curran and Wundt (Ref. 10) sponsored by the Metals Properties Coun- 
cil. The tests were basically of the cp rv’pe of loading, and in analyzing 
the results Halford used the cp and pp life lines for the 2h Cr-1 Mo steel 
determined at NASA (Ref. 3) in tests lasting 100 hours or less. Yet the 
predictions of the MPC data testing up to 5000 hours yielded approximately 
the same degree of correlation as the short tests. A small tendency for the 
experimental results to fall somewhat shorter of the predictions in the 
longer time range than in the short time range may be discerned in Fig. 21, 
but this point needs further study. Note, however, that at an extrapolation 
in time by a factor of 30, the agreement is still very good. 

It might be deduced from the above discussion that in conducting the 
tests to determine the life relations fc’^ use in the SRP analysis discussed 
in the earlier sc'tion of this report, the times involved should oe of the 
order of 1/10 to 1/50 of the desired extrapolation times in order to insure 
reasonably valid extrapolations. This is Quite practical. If the tests 
take as much as one to three years, extensions to 30 years may be achievable. 
It thus appears reasonable to suggest that the basic SRP relations be 
generated from tests requiring approximately a 1-3 year duration, coad- 
holding tests to generate the cp, pc, and cc life relations can then use 
quite long hold-times in each cycle to consume the time requirec to cause 

the tests to be protracted to this duration. If the creep can be measured 
directly, then of course this should be done. If not, use of the power-law 
relation between stress and creep rate discussed earlier in this report 
can be applied by extrapolation to low stresses. 
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Vacuum tests can also serve a useful puir'/se. First, by changing the 
pressure over a wide range, information can be obtained as to how much oxy- 
ger expesure is required to produce varying degrees of oxygen degradation 
on ratigue. Also such tests can help deterniine how much benefit might be 
achieved from the development of coatings or other surfa.v^e protection sys- 
tems wnich exclude oxygen, although the question of suiface coatings is 
complicated by metallurgical interaction between ;oating and substrate, 
and by the notching effect if the coating cracks. 

foetal lurgical Effects 

Another factor that requires consideration is the metallurgical effect 
beyond the chemical interaction represented by surface oxidation. Phase 
precipitation, for exaii 5 )le, may have a number of effects. Ductility may 
change, thus influencing fatigue. Or precipitates may change the creep 
resistance, thereby altering the creep rates in later cycles. In particu- 
lar, it the precipitates occur in the grain boundaries, they can seriously 
alter the cp, pc, and cc life relations. Tnus care should be exercised 
to insure that any expected instabilities are accounted for in extending 
the life relationships to unexperienced time levels. Sonie reference to 
this subject has already been made in Chapter 4 of Reference 1. Two im- 
portant \ts were discussed. One of these is that temperatures which 
can eit .egrade or enhance ductility could seriously alter fatigue life. 
In Fig. 4.43 of Ref. 1 it was observed, for exa.ple, that in the tempera- 
ture range of liOO to 1500F, IN-706 is associated with low ductility be- 
cause of an oxidation-enhanced precipitate. The universalized SRP life 
relations, which use ductility as a normalizing parameter, suggest a quan- 
titative reduction in fatigue in air within this temperature range. Ir. 
vacuum, hcrever, the oxygen -enhanced precipitate does not occur; the duc- 
tility is not reduced; and the fatigue properties uo not suffer. Elevating 
the temperature above 1500F, however, avoids the precipitation tniiance.ment 
range, and the fatigue does not suffer at all. Thus the beneficial effect 
of vacuum is in suppressing the precipitation tendency, not protecting 
against surface oxidation. It is important to be aierr to this factor in 
studying low strain and long time extrapolation because the effect may be 
both strain- and exposure time-dependent. 
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The second point discussed in iZhapter 4 of Ref. 1 is that it aay be 
possible to ii^rove the fatigue characteristics involving the creep aode 
by causing a suitable precipitate to develop in the grain boundaries. It 
was point out, ^tr exasple, that the T-lll, while siailar in co^>ositicn 
to the ASTAR sll-C, does not contain a precipitate in the grain boundary 
idiexeas the latter does. The fatigue properties in the nodes involving 
CTeep are such tetter for the aaterial containing the p clpitate which re- 
t^rdr grain boia»dary sliding. Th.-js we have a clue as to how to iiqjrove 
fatigue- resistance through rhe incorporation of a grain boundary precipitate. 

Siailar cons iderat ion should be given to grain sice effects in this 
context. The larger the grain size the less will be the tendency for grain 
bo-iSidary sliding, and the acre a given loosed strain will be absorbed in 
tha less detriKental pp deforrsation. Thus it appears that some- crntrcl 
is availab-ie to influence fatigue properties by heat treataent to de..-;iop 
cptisai grain size, it would bt desirable to study various processing 
variables such as woricing ano heat treatiaent, either individually or in 
conjunction with each other, to deteraine optiauffi co:^ir.ations for resist- 
ing hi^ teaperature creep fatigue interaction. Strainranga Partitioning 
offers SOBS guidance as to the desired effect by regarding the interaction 
to a first approxisation >s one involving the interenange between .slip 
plane sliding and grain b-ctmdary sliding. Ir would then appear that larger 
grains to Binindze grain boundary areas, the developaent of a precipitate 
to izpede gruir. boundan^ sliding, and thenacnechanicai processing to en- 
hance creep and tensile ductility are desirable directions of approach. 

One of the advantages of Strai. raiige Partitioning as a means of treat- 
ing the creep-fatigue interaction is that it provides a fraaewerk for in- 
cluding the possible effects of ductility variations during the service 
life of the coaponent being analyzed. Since the universclxzed life rela- 
tions are noraalized with respect to ductility, changing ductility can be 
incliided by ccmsiderirg soall tj.Be increaents d'uring which ductixity car. 
be regarded constant. The approach was first used in Ref. 11 tc ti fr 
quency effects in A-286 which was known to have a time-dependent c: ep fu:- 
tility. The results are suonarlzed in Fig. 22 (taken from Ref. 11). .Mote 



that the Ncc life c’lrv-e changes with frequency because the life depends on 
frequency, which in turn governs creep ductility. The effect w<ts to produce 
a lower cyclic life at the low frequencies than wouj.i have been predicted 
if creep ductility did not change with life, because the lower the frequency 
the longer is the chronological life {i.e., hours, r.ot cycles^', and this re- 
duces the eftective creep ductility. 


The method was also used in Chapter 4 Ref. 1 to provide a guideline 
as to the possible general effects of ductiliiy reductions during the lifetirje 
of r cornponent. In this case the calculations were based on linear reductions 
in ductility with time. The results are sunnarized in Fig. 23, taken from F'g 
4.88 0 '^ Ref. 1. Two situations are presented: in Fig. 23 {a] is shown the 

reduction in life as a function of ductility reduction during the lifetime 
of the part- For example, it is seen that i'^' the ductility at the end of 
the intended design li-^e is 505 of the initial ductil":ty, the design life 
will be reduced by 25 to 305, depending on whether the exponent in the life 
relation is O.fi (i.e. typical the pp life), or O.o (typical of the co life) 
figure 23(b)* shows anotner way cf representing the effect. It shows the 
requ'^ed reduction in strainrange tc maintain I'fe at design value. Thus, 

*cr example, if the ductility at the end the design life is half of the 
initial ductility, the initial design life can be maintainid if the strain 
is reduced to about 2/3 the design value bas®d on no ductility degraoetion 
due to environmer.tal effects. 


In the present study we carried out the ductility calcu'’atior-s to 
include what wouIj happen if the decay was exponential. A brief description 
of the procedure is outlined in Appendix A. "^he calculations are surinarized 
ir. Figs. 24 and 25. Figure 24 shows the hypothesized ductility decay 
curves, ’dentified by 'half-life" i.e. the time required for ductilitv to 
decoy to hal'^ its initial value. This type of ductility degradation is not 
typical; it is more conr-on for ductility to remain fairly constant in the 


♦This fig-jre differs from that cf Re'^. 1, correcting fo; a typographical 
error, and miner numerical discrepancies. 
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frarly period of exposure, and to drop off only after soae undesirable pre- 
cipitates have had a chance to develop. Figure 25 shows the predicted life 
based oc ejqponential decay vs the design 'ife based on constant ductility, 
icing the two characteristic e^q^onents associated with the laiiversalized 
Strainrange Partitioning life relations (i.e., 0.6 to typify pp strain, 
and 0 8 to typi^ the others). It is <ieen that the results are relatively 
insensitive to the value of the expoTi^nt, suggesting that the curves would 
apply to all coaLinations of strainraiige coiq>onents found in specific prob- 
isms (provided, cf course, the assinq>tic^- is nade that if ductility leases 
occur, these losses are ^plicable to both plastic deforaation as well as 
creep). Note, however, that drastic reductions in life are possible if 
losses of ductility are higi. enou^. For cxaaple, a design life of 3C 
yenrs can becone a service life of 3-4 years if the ductility half-iife is 
one year. This, of course, is not expected for saterials actually used ir 
reactors, but it indicates how ieportant it is to assure that drastic 
losses of ductility be avoided. 

SLWVlkY AND CONCLUDING REMARKS 

In this T'eport we have att^npted to outline a simple procedure for 
treating creep-fatigue for low strainranges and long hold times. Vie 
have suggestec that a seni-experinental approach, wherein several cycles 
of the imposed loading is actually applied to a specimen in ord^r tc 
determine the stable hysteresis loop, can oe very useful in the analysis. 
Since such tests require only a small fraction of the total failure tTie> 
they are not inherently prohibitive if experimental equipment is available. 
It iS; in fact, a single method of by-passing the need for accuriite 
constitutive equations since the material itsel^ acts to translate the 
ieposed loading into the responsive hysteresis loops. When Strainrange 
Partitioning has been applied in such cases very good results have been 
obtained. 

Since in many cases a concomitant experimental program is impractical, 
a simple procedure is outlined for handling the problem entirely by 



analysis. Some approxiaaticns are involved, of course, which require fur- 
ther checkinjj. Calculations shown incliide continuoiis cycling, tensile 
holds, coopressive holds, and sys«etrical tensile/coapressive holds. Con- 
stant strain-range corves of cycles to failure vs hold ti»e display the 
familiar tendency to saturate at both very short and long hold tiaies, with 
an S-shaped pattern over a large range of ^old times. Similarly, constant 
frequency curves of strainrange vs cycles to failure are of a familiar 
shape, being asys^totic to two straight lines on logarithmic coordinates 
like the so. of an elastic and an inelastic cc^x>ner.t. Each family of lines 
shows the ch.aracteristic increases in slope as hole time is increased, a 
feature obser\'ed in the shorter time range by several investigators. While 
these figures are presented merely j.s sample results of a calculation pro- 
cedure, rather than accurate predictions, they may serve as guides to the 
selection of critical experiments to compare predictions of SRP with alter- 
native methods. 

Oxidation effects are not directly inciudeo in the computations, ex- 
cept that the constants involved in the calculations are obtained in the 
environment of interest. Although long term exposure can be expected to 
accentuate the oxidation, or to promote netailurgical precipitation that 
can seriously affect fatigue life by influencing mechanical properties such 
as strength, toughness, and ductility, these factors were not included in 
the calculations. The SRP framework does, however, allow for inclusion 
of such effects if they are knowT. or expected to occur. Chapter 4 of Ref. 

1 first suggested how such calculations aight be carried out. It should 
also be pointed out, however, that in several analyses where it has been 
possible to make comparisons ^ the degree of predictability by the SRP ap- 
proach of long-time results is little different from that of short-time 
results. Figure 21 suggests, for exac^le, that extrapolations by a time 
factor of 10 to 50 may be reasonable. This conclusion must, of course, 
h? extensively checked before confidence can be established. However, it 
would seem reasonable rc assume that if extrapolations are tc be made to 
the 30 year range, thei, the life and creep rate relations should be aeter- 
ained froa tests lasting i to 5 years, an attainable requirement. 
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ye h5ve also extended in this report the application ot Strainrange 
Partitioning to the treatment of problems involving progressive loss cf 
ductility due to environnental exposure. In addition to the previous 
analysis cf Chapt. 4 of Ref. 1 wherein linear reduction in ductility with 
time was treated, we have extended in tnis report the treatment of ductility 
variations to include the case of exponential loss with time. This is an 
extreme case, not exptected in service, but it illustrates the importance 
of choosing stable materials that do not suffer drastic losses in ductility 
during their early exposure. 
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Appendix A 

The ductility equation which 's a function of tiroelt) is 

»t * “o 
= Ductility - t years 

D = Original ductility 
0 

a = Constant (function of half-life) 
t = time (years) 


The strain equation is 


h€ 

rv 


= A 


mx-'i 


Solve for N (number of cycles) 


N 


1 


A D. 




a 


Damage equation is 


A D 


I 

a 


j - 




»>dt = 1 


n = Number of cycles, per year 
a, A = Constants of mxaterial 
Ae - Strain Range 

y = Years to failure if ductility decreases 


Integrate and substitute limits. 
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Ac 


1 


n° 

a 



1 


Let 




0/a) 


Eq. 0) 


Eq. (2) 


be the manber of cycles if no change in ductility occurs. Substitute 
equation (2) into equation (1) and solve for y. 


y = 


- Ln {- -°+ 1 ) 
a an ' 


Also 



ny 


0 


n - number of cycles per year 

y^ = nun4»er of years to failure if there is no decrease 
in ductility 


y 




0 


+ 1) 


Therefore 





b) Cyclic stresc-strain cur.e and 
Hysteresis loop for Rapid Cycling 
obtained by Principle of Double 
Aaplitude Construction 



Cycle of Interest 


Creep- Fa tigie by 
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0 

0 2 4 6 8 10 60 

t.(iiin) 

a) Tensile sc».on<lary creep = area under creep rate curve 

= (9.75 X 10'^) 

Elastic stress range = 83.74 ks1 

b' Eljst’c strainrange - , = 3.95 x 10“^ 

21.1 X 10® 

Fro« Fig. 2(b) Plastic strainrange = 1.60 x 10'^ 

c) Froei Fig. 2(e)i total inelastic strainrange = AB = 1.67 x 10'^ 

d) 'lansient creep strainrange = total inelastic strainrange - plastif. strainrange 

= 1.67 X 10'^ - 1.60 X 10“^ = 7 X lO"'* 

e) To . tensile "creep" for SRP purposes 

= tensile secondary creep + 0.1 x transient creep 
* 9.75 x 10‘^ + 0.1 (7 X 10*^) = 1.045 x lO'^ 

f) Total coapressive creep for SRP purposes = 0 

9) 4 c^ • 0 

h) Ac « 1.045 X 10*^ 

^*PP * inelastic strainrange ainus = 1.5655x 10*^ 

This Fpp - .9374 . .0626 

k) iJsing Interaction waaege Rule .0626 . .9374 1 

“2 T * -IJJ = n 7 «f= 

Fig. 3. NMerIcal Analysis of Strain-hold Problem. 
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4D 




Ttae {alK. 


F< 9 . 5. Co w p a r ^ sow witli experHcntai ai>:cnr«ti9n of stress 

relaut^on oe t emi ned froa p ow e r-lew equtlon betweew 
stress Md se co wd ar y crw rate. 
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Including Transient Creep 
Neglecting Transient Creep 


V Bin. Hold 
SO Bin. Hold 


I 10 100 1300 


N^, Predicted 


(a; Ccwparison of predicted and observed ijfe values for high-strain 
tensile hold tests. 


2 


*f* Pred 




4 


■ • 

Including Transient Creep 

1 


c & 

Neglecting Transient Creep 

1 

I 



X Bin. Hold 

l 



60 Bin. Hold 

i 

1 

1 1 

I 

1 

10 

100 1300 




Total test tiae (Mr) 



Fig. 6. Cwreiation of observed and |H*ed1cted lives in tensile 
hold relaxation tests. 
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Hold Tiae per cycle (hr) 


Life relations ior lorn strainranoes and lono hold-tlaes with rapid 
strain rasping for 316 SS et 1300F, expressed with strainrange 
as paraaeter. 








0 > m o 


o 


I i i 

I i 



I 


a) Ratcheting resulting in eventual 
shakedown wherein no cyclic 
inelastic strain develops. 


o 

! 

I < 



I ! 


b) Eventual developaent of closed 
hysteresis loop with cyclic 
inelastic strains. 


Fig. 10. Two possible extremes of behavior in strain cycling at low 
strainrange with tensile hold periods. 










49 



1. For quarter cycle I - = 6.8 x lO'^t 

t = 3.63 X 10*’® o = 8.791 x 10'^^ t 

r .25 X 10^ 

€c = [ dt = 8.791 X 1C‘^^ t 


t dt = 6.802 X 10"^ 


For tensile half creep strain = 2 x 6.802 x lO'"' = 13.604 x 10'^ 

2. Stress range = 34 ksi Elastic strainrange = or if^ 3 = 1.659 x 10”^ 

tU. V X iL 

3. From elastic and plastic life relations (or cyclic stress strain curve) 

-3 “5 

plastic strainrange for an ela-. c strainrange of 1 .659 x 10 is 7.934x10 

4. acpp = 7.g34 X 10‘^, = 1.360 x 10‘^, ic^. - 1.659 x 10*^ 



Fig. 15. 


Illustrative computation for continuous stress ramping at low 
frequency and strainrange 
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FI). 20. Coaparison of Predicted end Ixrerinentel life values for continuous 
strain cyclins- Predictions a^ fron continuous stress ra^>in 9 
calculations. Cxperinents deterarined fron unifona strain rune>in 9 .of 
316 SS. at 1200F. 
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Fig. 22. Application of Strainrange Parti timiing to study of 

frequency effect for a Material with tiae-dependent creep 
ductility; A-286 tested at 1100*F (595*C). &e.^ = 0.009. 



a<7ac., fttdiictd Strtinrtngt Rtqulrcd to Ki Friction of Otilfln Lift 

MiTni^in InltilTy Ci1culit«4 Lift Actuilly Ciooetod 


5S 



Fig. 23. Apgllcotlon of Strolnranoe Partitioning to estlaate 

ca&rittling effects, (a) Strainrange Maintained constant, 
life reduced; (b) Strainrange reduced to restore life to 
lAltlally calculated value. 











